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Summary

A single population stock of gray whales referredchs the eastern North Pacific (ENP) stock is pbse
recognized in U.S. waters (Carredtaal. 2013). A small group of gray whales, known asRlaeific Coast
Feeding Group, or PCFG spends the summer and awlong the Pacific coast of North America, where
they overlap with the Makah Tribe’s Usual and Adoused (U&A) fishing grounds off the coast of
Washington. In 2005, the Makah requested that NOWM¥S waive the MMPA take moratorium and
adopt regulations that would authorize the tribédtat ENP gray whales within their U&A. As partits
review of this proposed hunt, NMFS continues tol@ai@ information relevant to ENP stock structund a
status, including the population dynamics of theFBC Assessing whether the PCFG is currently at
Optimum Sustainable Population (OSP) (i.e., notleted) was the objective of the analysis described
this report. The assessment is based on modifications tciatingy population dynamics model used by
the International Whaling Commission (IWC) to condprojections of gray whale abundance. The model
is deterministic, age- and sex-structured, and istmsf two groups (the ‘north’ group and the PCFG)
which are assumed to be separate for purposeseoanhlysis, but with possible immigration between
them. Parameter estimation is based on Bayesighod® Thirteen variants of the model were run
(models A — M); these differed with respect to hprors were specified and the number of parameters
estimated. Ultimately it was not possible to dawdefinitive conclusion as to whether the PCFGithiw
OSP. Across all 13 model variants, the estimatetbability of the PCFG being above its Maximum Net
Productivity Level MNPL) and hence within OSP ranged fren®.35 on the low end (models F and G) to
0.83 (model M) and 0.88 (model K) on the high enbh the latter two models (K and M), bycatch
mortality’ was fixed at zero, which is not realistic. Foe ttemaining 11 models, the probability was
0.70, which is fairly equivocal. This stems frometPCFG abundance time series being largely
uninformative regarding population rate paramesémse it is relatively flat (no information aboutogvth
rate or density-dependence), apart from the sheriogp of growth explained by an atypical pulse
immigration event. Given the limited availablednhation, the apparent stability of the PCFG pofiata
size for the past decade has several possibleretas. One explanation is that the populatioatier
near its carrying capacity and thus ab®IBPL and within OSP. However, it is also possible,egiv
different potential rates of intrinsic populatiorogth, that the PCFG area could support more wheahels
that current numbers are regulated by a combinatiobycatch mortality and emigration that offsets
immigration and internal production (recruitment aglves born to known PCFG females). Obtaining
better empirical estimates of bycatch mortalityt m@nual immigration rates, and reducing prior
uncertainty in Maximum Sustainable Yield RaMSYR) and MNPL could potentially improve inference
about the likelihood of the PCFG being within OSP.

! This is a continuation of work first considerastidg the gray whale stock identification workstagscribed in Welleet al. (2013).
2 “Bycatch mortality” refers to human-caused fiskerielated mortality (e.g., from entanglement iarp@s summarized in U.S.
marine mammal stock assessment reports (e.g.,t@aatral. 2013).



Introduction

The National Marine Fisheries Service (NMFS) reé¢bgs a single population stock
of gray whales Eschrichtius robustus) within U.S. waters, termed the Eastern North
Pacific (ENP) stock (Carrettet al. 2013). This stock ranges from wintering areas in
Baja California, Mexico, to summer/autumn feedimgas in the Bering, Beaufort, and
Chukchi Seas. A relatively small number (100s)tlidse whales, referred to as the
Pacific Coast Feeding Group (PCFG), spend the sufaotamn along the Pacific coast
of North America, between Kodiak Island, Alaska, damorthern California
(Calambokidiset al. 2012). In 2010, the International Whaling Comnaiss(IWC)
Standing Working Group on Aboriginal Whaling Managt Procedure noted that
different names had been used to refer to grayeshakeding along the Pacific coast, and
agreed to standardize the terminology referrin@rionals that spend the summer and
autumn feeding in coastal waters of the Pacifisto&North America from California to
southeast Alaska as the PCFG (IWC 2011). This dieimwas further refined for
purposes of abundance estimation, limiting the gmugc range to the area from
northern California to northern British Columbiaofih 41°N to 52°N), limiting the
temporal range to the period from June 1 to Novendfke and counting only those
whales seen in more than one year within this ggagc and temporal range (IWC
2012) for abundance estimation purposes. The I\@pted this definition, but noted
that “not all whales seen within the PCFG areaha&t time will be PCFG whales and
some PCFG whales will be found outside of the P@F&a at various times during the
year.” (IWC 2012).

The range of the PCFG overlaps with the Makabéels Usual and Accustomed
(U&A) fishing grounds off the coast of Washingtoim 2005, the Makah requested that
NOAA/NMFES waive the U.S. Marine Mammal ProtectiontAMMPA) take moratorium
and adopt regulations that would authorize theettdohunt ENP gray whales within their
U&A. As part of its review of this proposed huntMRS continues to evaluate
information relevant to ENP stock structure andtustaincluding the population
dynamics of the PCFG. This paper evaluates whétleePCFG is likely to be within its
Optimum Sustainable Population level, or OSP. UnitdlerMMPA, OSP means, “with
respect to any population stock, the number of alsmwhich will result in the maximum
productivity of the population or the species, kegpn mind the carrying capacity of the
habitat and the health of the ecosystem of whiay tlorm a constituent element.”
Federal regulations implementing the MMPA descfilii&P as a population size within a
range that is at or above the level where the @djoul’'s maximum net productivity
occurs (termed the Maximum Net Productivity Leval, MNPL)2 Populations below
OSP are considered ‘depleted’ under the MMPA. #sisg whether the PCFG is
currently within OSP (not depleted) was the objextf the analysis described in this
report.

% Regulations implementing the MMPA at 50 CFR 21di&e that “Optimum sustainable population is putation size which falls
within a range from the population level of a giv@recies or stock which is the largest supportelitlein the ecosystem to the
population level that results in maximum net prdolity. Maximum net productivity is the greatesttrennual increment in
population numbers or biomass resulting from addgito the population due to reproduction and/omh less losses due to
natural mortality.”



Methods

Population Model

The assessment of ENP gray whales is based onuagiop dynamics model with two
groups, a ‘north’ group and the PCFG. These twaigscare assumed to be separate for
purposes of the analysis, but with possible imntigna between them. The model
considers four strata (north of %2 south of 4IN, PCFG area December — May, and
PCFG area June — November) because the relativeerability of the two groups to
whaling and bycatch mortality differs among theisata.

The parameters of the model are estimated usingday methods. Unlike IWC
(2013), the analysis allows for uncertainty in #meount of ‘pulse’ immigration from the
north group to the PCFG in 1999 and 2000, uncdgtain the annual level of
immigration from the north group to the PCFG, andMSYL,* and MSYR,® (the

subscript 1+ refers to animals 1-year old and 9ldarcontrast, IWC (2013) conducted
analyses for pre-specified values for the levepafse’ immigration, the annual level of
immigration, andMSYL,, and MSYR,. Note that the termMSYL and MSYR reflect

IWC terminology; within an MMPA context MSYL is treame as MNPL.

The underlying population dynamics model is detarstic, age- and sex-structured,
and based on a two-stock version of the Baleendtieh (Punt, 1999). Reference to
‘stock’ or ‘population’ below means either the nogroup or the PCFG, noting that
usage of the term ‘stock’ with the model descripsioefers generically to a population
unit and does not imply a formally recognized stasldefined under the MMPA.

Basic dynamics

Equation 1 provides the underlying 1+ dynamics.
Rifas = (R +150 -G § 5 +U § 504, 0<asx-2
R =R 13 - § S+ (R 1300 -GN §'SL, (1)
Uil =US" § 8 (1-0,.) Osasx-2

s,m/ f

where R’,"" is the number of recruited males/females of age stocks at the start of

s,/ f

yeart; U’;" is the number of unrecruited males/females ofa@estocks at the start

of yeart; Cf;m’ " is the catch of males/females of agdrom stocks during yeart
(whaling and bycatch mortality is assumed to talkegin a pulse at the start of each
year); 0, is the fraction of unrecruited animals of age which recruit at age
(assumed to be independent of sex, time, and st&k)s the annual survival rate of

animals of stocls and agea in the absence of catastrophic mortality evergsymed to
be the same for males and females):

> ifa=0
Ssz{so

4 s ifl<a @)

4 MSYL (Maximum Sustainable Yield Level) is the pigtion size relative to carrying capacity at whiglrplus production is
maximized; this is the same as MNPL under the MMPA.
® MSYR is the ratio of MSY to the population sizenich MSY is achieved.



S is the calf survival rate for animals of stagkS;, is the survival rate for animals aged

1 and older for animals of stoek § is the amount of catastrophic mortality (represd

in the form of a survival rate) for stoslduring yeat (catastrophic events are assumed to
occur at the start of the year before mortality tuevhaling, bycatch and natural causes;

in generalS =1, i.e. there is no catastrophic mitydal 1> is the net migration of

female/male animals of ageinto stocks during yeatt; and x is the maximum (lumped)
age-class (all animals in this and thé& class are assumed to be recruited and to have
reached the age of first parturitior)is taken to be 15 for these trials.

Catastrophic mortality is assumed to be zero (Bg51) except for the north group

in 1999 and 2000 when it is assumed to be equtiggarametelS (Punt and Wade,

2012). This assumption reflects the large numbeded#d ENP gray whales observed
stranded along the coasts of Oregon and Washirgjtang 1999 and 2000 relative to
annual numbers stranding there historically (Gullahal. 2005; Brownellet al. 2007).
The mortality event is assumed to have only immhdtee north group because the
abundance estimates for the PCFG increased whemdtntality event occurred, in
contrast to those for the north group which declisebstantially.

Immigration only occurs from the north group to R€FG, and only animals aged

1+ immigrate. The annual number of animals immiggats I, =1 N*"* / 2000C where

| is the hypothesized recent average number ofithais recruiting into the PCFG and
20000 is the approximate 1+ population size forrtbgh group during those years (i.e.,
recentN"""™720000~ 1 (Laakeet al. 2012) and thus rece¢ = T ). The annual
number of immigrants by age and sex is given by:

north,m/f north,m/
Is,m/f :| ( ,a +Uta
t,a t

3)

north,
Nt

Emigration from the PCFG is modelled by implemegtam extra survival rates
after 1930 (immigration or emigration are ignorethew carrying capacity and the
parameters which determine the productivity of plopulation are calculated). Owing to
the different sizes of the two groups, emigrantsnfithe PCFG are assumed to die rather

than join the north group. The value 8fis set so that at carrying capacity immigration
and emigration are balanced, i.e.:

i = K§(L-S) (4)
Births
The number of births to stodat the start of yedr1, B, , is given by:
- ,f
B[S-i-l - hs-l-l Nts-l-l (5)

where N> is the number of mature females in steek the start of year



Z( Sf+USf (6)

an is the age-at-maturity (the convention of referriogthe mature population is used
here, although this actually refers to animals thave reached the age of first

parturition); k', is the probability of birth/calf survival for mawifemales:
b, =b2{L+ AL (N K**))} (6)

b® is the average number of live births per yearrpature female in the pristine (pre-

exploitation) population for stock; A° is the resilience parameter for stosk( A°
determines how much birth rate can increase flimwhen resources are not limiting);

Z is the degree of compensation for stedkletermines the population size — relative to
carrying capacity — at which MNPL occurs); aiMi** and K> are defined according
to the equations:

NS =D (R +US + R +UST) K = Z(RSf +US + RO +UST) (7)
a=1

The number of female birthg>', is computed from the total number of the births
during yeat according to the equation:

B =0.58° ®)
The numbers of recruited/unrecruited calves ismyivg
RtS’f ) Bts’f Rts’m =71 (Bts - BtS'f ) 9)
U =@-7)B>" U™ =(1-7) B -8")

77, is the proportion of animals of age 0 which areruged (77, = O for the analyses of
this report).

Catches

The historical { < 2010) catches by stratum (north, south, PCFG mDbee — May, and
PCFG June — November) are taken to be equal teefiueted catches (IWC 2011; Table
1). The historical catches are allocated to théhngroup or PCFG in fixed proportions as
follows:

(1) North area catches: all north animals;

(2) PCFG area catches in December — May: PCFG animigtis probability @-cre
(base-case value 0.3, as determined by the photdal®; Calambokidigt al.
2012);

(3) PCFG area catches in June — November: all PCFGadgiiand

(4) South area catches: PCFG animals with proballgy, (base-case value 0.01, as
determined by relative abundance).



The bycatch estimates by stratum for the histonEiod are computed using the
equation (IWC 2013):

e = g5 LB I99%-y}C if y<1999 (10
g C'N} /N otherwise

where C:,’S is the bycatch of animals of sexduring yeary; C' is the mean catch in the

stratum (see Table 2); ard™* is the mean 1+ abundance (in the stratum concédraed
2000-2009). The catches from the PCFG and the mpabp are then allocated to age
and size using the formula:

Cor=CRIIY R Gl =CYRLITRL an

Recruitment

The proportion of animals of agethat would be recruited if the population was fjomis
is a knife-edged function of age at age 0, i.e.:

0 if a=0
1 otherwise

a

(12)

The (expected) number of unrecruited animals of adgleat survive to age+l is
US™''S,. The fraction of these that then recruit is:

., —m)/[l-m i
3. :{ o~ TR/ [ 2 if0<a, <1 (13)
1 otherwise
Maturity
Maturity is assumed to be a knife-edged functioagd at agan,.
Initialising the population vector
The numbers at age in the pristine population arengoy:
a-1
R."W'=05 N3, 7, rls; if 0<a<x
a-1
U_if;” =0.5 N3, (-m) rLSj if O0<a<x (14)
x-1 S
RX™"=0.5 N2, S if a=x
‘ ’ a'= (1_ Sx)

where R%)' is the number of animals of stoslof agea that would be recruited in the
pristine population;u """ is the number of animals of stoskof agea that would be

unrecruited in the pristine population; ai, , is the total number of animals of stagk
of age 0 in the pristine population.



The value forNZ, , is determined from the value for the pre-expl@tatsize of the
1+ component of the population using the equation:

ﬁ s;) (15)

It is not possible to make a simple density-depanhdmpulation dynamics model
consistent with the abundance estimates for EN wlales (Reilly 1981; 1984; Cooke
1986; Lankester and Beddington 1986; Butterwaatral. 2002). This is why recent
assessments of this stock (e.g. Punt and Wade 204%) been based on starting
population projections from a more recent year @tieth asz) than that in which the first
recorded catch occurred. The analyses are there&sed on the assumption that the age-
structure at the start af= 1930 is stable rather than that the populatioasevat their
pre-exploitation equilibrium sizes at the startsoime much earlier year. The choice of
1930 for the first year of the simulation is mote@ by the fact that the key assessment
results are not sensitive to a choice for this yeam 1930-1968 (Punt and Butterworth
2002; Punt and Wade 2012). The determination efatlpe-structure at the start of 1930
involves specifying the effective 'rate of incréaggethat applies to each age-class. There
are two components contributing §9 one relating to the overall population rate of
increase ¥) and the other to the exploitation rate. Under aesumption of knife-edge
recruitment to the fishery at age 1, only fiecomponent (assumed to be zero following
Punt and Butterworth 2002) applies to aged age 0. The number of animals of agat

S,

the start ofr =1930 relative to the number of calves at thaetiiN.”, , is therefore given
by the equation:

x-1 a-1 1

NS, o= Ko /[Z [1S+17¢

a=1 a'=1l X

1 if a=0
N, S5 if a<l
N =1 e . (16)
Y Nr,ya—l Sa—l (1_ y ) If 1 <a<X

NS, SLA-y)/A-s: @-y')) ifa=x

where B; is the number of calves in year (=1930) and is derived directly from
equations 5 and 6 (for further details see Pur@9]®

B = (1-[1/ (N3 b2, )- 1] /A°) S 17)
The effective rate of increasg; , is selected abiftthe population dynamics model is
projected from 1930 to 1968, the size of the 1+ ponent of the population (both
groups) in 1968 equals a pre-specified valgg.

zand A
A’ Z and S, are obtained by solving the system of eqnatithat relateMSYL;, ,

MSYR:, S5, Si+, fmax am, A° andz’, wherefnaxis the maximum theoretical pregnancy rate
(Punt 1999).



Parameter estimation
The method for estimating the parameters of the ehdide. selecting 5,000 sets of

equally likely values for the parameteas, S5, S, S, K™, KFC | AO™ - APCFG)

north PCFG

z"",and 2 "77) is based on a Bayesian assessment (Punt andvButie 2002; Wade
2002; Punt and Wade 2012). The algorithm for cotidgdhe Bayesian assessment is as
follows:

PPCFG

(a) Draw values for the paramete®s:, fua, am, K™, K¢ preth  pPere - g
MSYR’, MSYL,, Cvo™ (the additional variance for the estimates of 1+

abundance at Carmel, California in 1968)/. ;" (the additional variance for the

estimates of 1+ abundance from northern Califotai&outheast Alaska in 1968
— had such a survey taken place) from the pricge [&able 3 for the reference
priors).

(b) Solve the system of equations that relM&YR:, MSYLS,, S, S+, fmax @m, A
andZ to find values forS;, A° andZ’.

(c) Calculate the likelihood of the projection for eania, given by

~L=0.5nN+Q [05 > (N -¢ B* )(+Q )] (N™-¢R*  (18)

where N is thei™ estimate of abundantcéTables 4a, 4b)FA=i‘1+ is the model-

estimate corresponding td°®, V is the variance-covariance matrix for the
abundance estimates, afd is a diagonal matrix with elements given by
E(Cvaiid,t):

0.1+ 0.01% P
E(CVy40) = CVag —
0.1+ 0.01%" PR,

(19)

(d) Steps (a) — (c) are repeated a large number (tpit®00,000) of times.

(e) 5,000 sets of parameters vectors are selectedmdndimom those generated using
steps (a) — (c), assigning a probability of selera particular vector proportional
to its likelihood. The number of times steps (ajc} are repeated is chosen to
ensure that most of the 5,000 parameter vectorsragee.

The expected value for the estimate of abundandbdeohorth area is taken to the

total 1+ abundance (north group and PCFG combiwddg the abundance estimates for
the PCFG area are assumed to pertain to the PG 0

Model Scenarios
Thirteen models were run (Table 5). These inclualeeference model (Table 3) and 12
variants. These models do not represent a compsateeset of options, but were used to

® This formulation assumes that the observed dekater to the medians of sampling distributions floe data. Alternative
assumptions (such as that the observed data teldtee means of the sampling distributions) williheonsequential given the
extent of uncertainty associated with the estimatedbundance.

" The shore-based abundance estimate foryygat is assumed to pertain to abundance at theatgeary+1.



explore how the model behaved under certain camditi(e.g., parameter constraints)
with respect to providing inference about the pholity of the PCFG being within OSP.

Results and Discussion

Ultimately it was not possible to draw a definitizenclusion as to whether the PCFG is
within OSP. Across all 13 model variants, thereated probability of the population
being aboveMSYL (i.e., MNPL), and hence within OSP ranged fren©0.35 on the low
end (models F and G) to 0.83 (model M) and 0.88d@h&) on the high end (see Table
6). In the latter two models (K and M), bycatchrtabty was fixed at zero, which is not
realistic. For the remaining 11 models, the prdiigbwas < 0.70, which is fairly
equivocal.

The time series of PCFG abundance estimates iedictitat a rapid phase of
population growth occurred between 1998 and 2004ocated with a pulsed
immigration event¥ 25 — 30 immigrants per year from the north grooghe PCFG),
followed by no substantial trend in abundance sthee (Figure 1). A key reason for the
inability to draw definitive conclusions about O&Pbecause it is unclear whether the
stability of the PCFG over the last decade is bgptained by it being at or near carrying
capacity or whether it has been regulated at arldevel by some other processes.

Unfortunately, the time-series of abundance esemdbr the PCFG is largely
uninformative regarding population growth rate siriicis relatively flat (no information
about growth rate or density-dependence) apart thenshort period of growth explained
by an atypical immigration event. Consequentiytinestes for population growth at
MNPL, the value ofMNPL itself (as a fraction of K), carrying capacity,dahence the
current population depletion level (percentage arfying capacity) for the PCFG were
influenced strongly by the prior distributions. rFexample, the upper prior limit for K
for the PCFG was 500 for models A — D, and thegyast median estimates for K ranged
from 265 — 293 with upper 95% estimates close t0, 3thereas, the upper prior limit
was 1000 for models E — M, and the posterior meds&timates for K ranged up to 441
with upper 95% estimates close to 800 or highernimst of these models (Table 6).
Thus, in all of these models, the right tail of gaesterior distribution for K was truncated
to some extent by the upper bound for the priorKofFigure 2), implying non-trivial
(and sometimes substantial) probability that cagycapacity could be as high as the
specified upper bound (and thus substantial prdibalbhat current population size is
belowMNPL).

Constraining bottMSYR andMNPL for the PCFG to equal those of the north group
(thus drawing on north group data to estimate sBGEG growth parameters; models J
through M) did not substantially improve inferendeor models J and L, the probability
of the PCFG being within OSP was 0.44 and 0.5 ees/ely (Table 6). Models K and
M included the additional constraint of fixing armahipycatch at zero, and model M also
assumed zero annual immigration. The posteridriligion for carrying capacity was
reasonably unconstrained by the prior (Figure 2))the carrying capacity estimates were
< 250 animals (Table 6) for these two models (a0 &r model |, wherdINPL and
bycatch, but noMSYR, were constrained). Even so, the estimated piliyabf the
population being within OSP was not definitive mese cases (probability = 0.83 and
0.88), and the assumptions of zero bycatch (mdgdeéds M) or full population closure
(model M) are not justified for the PCFG (Wellgral. 2013), so these models do not



represent realistic scenarios anyway. Howeverg#tinates for these models provided
the insight that bycatch mortality and movementweein the north group and PCFG
makes it difficult to estimate other population graeters, given the nature of the time
series of abundance estimates (since parameteesnoeestimated well for other models
that did not include the same constraints). Speadlfi, the only way for the model to
mimic population stability when the population issamed to be closed to bycatch or
emigration is for the population to be at or neajwken K is estimated to be small), but
many possible levels of K can explain the data wherpopulation is allowed to be open
(with some population losses due to bycatch andjetion).

In summary, the apparent stability of the PCFG (atmn size for the past decade
has multiple possible explanations given the lichitavailable information. One
explanation is that the population is at or neacdrrying capacity and thus abdvélPL
and within OSP. However, it is also possible ttet PCFG area could support more
whales and that current numbers are regulated lopnabination of emigration and
bycatch mortality that offsets immigration and i@ production (recruitment of calves
born to known PCFG females). The PCFG would beeetgal at most to grow at around
6% per year (if it were well beloMNPL and had the same intrinsic growth potential as
the north group; Punt and Wade [2012]). It wouldvgat a slower rate if it is close to
MNPL or has a lower growth rate potential than thedargprth group (e.g., feeding in a
less productive environment). Considering its $npadpulation size (around 200
animals), the PCFG therefore has the potentiaht¢oense at most by approximately 12
animals per year from births minus deaths, andrttiease could be much smaller (e.g.,
just several animals per year). The PCFG caniaddity grow due to immigration from
the larger north group, but as modeled, immigratfonffset by emigration to an extent
that depends on the estimated abundance levelbeotwto groups relative to their
respective carrying capacities. For example, ithbgroups are currently at the same
fraction of K, PCFG immigration and emigration wdlde estimated to be equal. As a
result, small losses from emigration and bycatehsaifficient to offset population gains
from birth and immigration, especially if the PCHh&@s a relatively low intrinsic growth
rate compared to the north group (e.g., as in nsode¢hrough |; see Table 6). Moreover,
bycatch mortality estimates in the models are jikehderestimates of true bycatch
mortality (Welleret al. 2013). If higher bycatch mortality rates wereluged in the
analyses, this would decrease the estimated lixatihof the PCFG being within OSP,
but true bycatch mortality rates are unknown with good way at present of being
approximated (thus we used the same values as@dlélyses; Table 2).

Obtaining better empirical estimates of bycatch tality, net annual immigration
rates, and reducing prior uncertainty MSYR and MNPL could potentially improve
inference about the likelihood of the PCFG beinthimi OSP.
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Table 1

Historical catches of ENP gray whales (IWC, 2011).

Y ear South PCFG Jun-Nov PCFG Dec-May North Total

M F Total M F Tota M F Tota M F Total M F Total
1930 0 0 0 0 0 0 0 0 0 23 24 47 23 24 47
1931 0 0 0 0 0 0 0 0 0 5 5 10 5 5 10
1932 5 5 10 0 0 0 0 0 0 5 5 10 10 10 20
1933 30 30 60 0 0 0 0 0 0 8 7 15 38 37 75
1934 30 30 60 0 0 0 0 0 0 36 30 66 66 60 126
1935 55 55 110 O 0 0 0 0 0 16 28 44 71 83 154
1936 43 43 86 0 0 0 0 0 0 50 62 112 93 105 198
1937 0 0 0 0 0 0 0 0 0 12 12 24 12 12 24
1938 0 0 0 0 0 0 0 0 0 32 32 64 32 32 64
1939 0 0 0 0 0 0 0 0 0 19 20 39 19 20 39
1940 0 0 0 0 0 0 0 0 0 56 69 125 56 69 125
1941 0 0 0 0 0 0 0 0 0 38 39 77 38 39 77
1942 0 0 0 0 0 0 0 0 0 60 61 121 60 61 121
1943 0 0 0 0 0 0 0 0 0 59 60 119 59 60 119
1944 0 0 0 0 0 0 0 0 0 3 3 6 3 3 6
1945 0 0 0 0 0 0 0 0 0 25 33 58 25 33 58
1946 0 0 0 0 0 0 0 0 0 14 16 30 14 16 30
1947 0 0 0 0 0 0 0 0 0 11 20 31 11 20 31
1948 0 0 0 0 0 0 0 0 0 7 12 19 7 12 19
1949 0 0 0 0 0 0 0 0 0 10 16 26 10 16 26
1950 0 0 0 0 0 0 0 0 0 4 7 11 4 7 11
1951 0 0 0 0 0 0 1 0 1 5 8 13 6 8 14
1952 0 0 0 0 0 0 0 0 0 17 27 44 17 27 44
1953 0 0 0 0 0 0 6 4 10 15 23 38 21 27 48
1954 0 0 0 0 0 0 0 0 0 14 25 39 14 25 39
1955 0 0 0 0 0 0 0 0 0 22 37 59 22 37 59
1956 0 0 0 0 0 0 0 0 0 45 77 122 45 77 122
1957 0 0 0 0 0 0 0 0 0 36 60 96 36 60 96
1958 0 0 0 0 0 0 0 0 0 55 93 148 55 93 148
1959 1 1 2 0 0 0 0 0 0 73 121 194 74 122 196
1960 0 0 0 0 0 0 0 0 0 58 98 156 58 98 156
1961 0 0 0 0 0 0 0 0 0 77 131 208 77 131 208
1962 4 0 4 0 0 0 0 0 0 55 92 147 59 92 151
1963 0 0 0 0 0 0 0 0 0 68 112 180 68 112 180
1964 15 5 20 0 0 0 0 0 0 75 124 199 90 129 219
1965 0 0 0 0 0 0 0 0 0 71 110 181 71 110 181
1966 15 11 26 0 0 0 0 0 0 80 114 194 95 125 220
1967 52 73 125 0 0 0 0 0 0 109 140 249 161 213 374
1968 41 25 66 0 0 0 0 0 0 48 87 135 89 112 201
1969 39 35 74 0 0 0 0 0 0 50 90 140 89 125 214
1970 0 0 0 0 0 0 0 0 0 71 80 151 71 80 151
1971 0 0 0 0 0 0 0 0 0 57 96 153 57 96 153
1972 0 0 0 0 0 0 0 0 0 61 121 182 61 121 182
1973 0 0 0 0 0 0 0 0 0 97 81 178 97 81 178
1974 0 0 0 0 0 0 0 0 0 94 90 184 94 90 184
1975 0 0 0 0 0 0 0 0 0 58 113 171 58 113 171
1976 0 0 0 0 0 0 0 0 0 69 96 165 69 96 165
1977 0 0 0 0 0 0 0 0 0 87 100 187 87 100 187
1978 0 0 0 0 0 0 0 0 0 94 90 184 94 90 184
1979 0 0 0 0 0 0 0 0 0 58 125 183 58 125 183
1980 0 0 0 0 0 0 0 0 0 53 129 182 53 129 182
1981 0 0 0 0 0 0 0 0 0 36 100 136 36 100 136
1982 0 0 0 0 0 0 0 0 0 57 111 168 57 111 168
1983 0 0 0 0 0 0 0 0 0 46 125 171 46 125 171
1984 0 0 0 0 0 0 0 0 0 59 110 169 59 110 169
1985 0 0 0 0 0 0 0 0 0 54 116 170 54 116 170
1986 0 0 0 0 0 0 0 0 0 46 125 171 46 125 171
1987 0 0 0 0 0 0 0 0 0 48 111 159 48 111 159
1988 0 0 0 0 0 0 0 0 0 43 108 151 43 108 151
1989 0 0 0 0 0 0 0 0 0 61 119 180 61 119 180
1990 0 0 0 0 0 0 0 0 0 67 95 162 67 95 162



Y ear South PCFG Jun-Nov PCFG Dec-May North Total
M F Total M F Total M F Total M F Total M F Total
1991 0 0 © 0 0 o0 0 0 0 67 102 169 67 102 169
1992 0 0 © 0 0 o0 0 0 o0 0 0 0 0 0 0
1993 0 0 © 0 0 o0 0 0 o0 0 0 0 0 0 0
1994 0 0 © 0 0 o0 0 0 o0 21 23 44 21 23 44
1995 0 0 © 0 0 o0 0 0 o0 48 44 92 48 44 92
1996 0 0 © 0 0 o0 0 0 o0 18 25 43 18 25 43
1997 0 0 © 0 0 o0 0 0 0 48 31 79 48 31 79
1998 0 0 © 0 ) 0 ) 64 61 125 64 61 125
1999 0 0 © 0 0 o0 0 1 1 69 54 123 69 55 124
20000 0 © 0 0 o0 0 0 o0 63 52 115 63 52 115
20000 0 0 © 0 0 o0 0 0 o0 62 50 112 62 50 112
2002 0 0 © 0 0 o0 0 0 o0 80 51 131 80 51 131
20030 0 0 © 0 ) 0 ) 70 57 128 71 57 128
20046 0 0 © 0 0 o0 0 0 o0 43 68 111 43 68 111
20060 0 0 © 0 0 o0 0 0 o0 49 75 124 49 75 124
20060 0 0 © 0 ") 0 0 o0 57 77 134 57 77 134
2000 0 0 © 0 1 1 0 0 o0 50 81 131 50 82 132
20086 0 0 © 0 ") 0 0 o0 64 66 130 64 66 130
2000 0 0 © 0 0 o0 0 0 o0 59 57 116 59 57 116
200 0 0 © 0 0 0 0 0 0 57 61 118 57 61 118
Table 2
Average estimated historical bycatches

Stratum Average bycatch estimates

North

PCFG [Dec — May] 2

PCFG [Jun — Nov] 1%

South 3.4

1 — obviously not actually zero, but will be smallative to population size
2 —includes southern whales during June — Novemb#nese whales are almost certainly PCFG animals



Table 3. The prior distributions for the ENP stadlgray whales, for the reference case scenarge(Ban
Table 5).

Parameter Prior distribution
Maximum Sustainable Yield RatdISYR™  U[0.01,0.06]
MSYR ¢ U[0.01,0.06]
Maximum Net Productivity Level, MNPE™

(same asVISYL;, ) 0.6

MNPLPCFe 0.6

Non-calf survival rate$; U[0.95, 0.99]
Age-at-maturity an, U6, 12]

K north

1+

Maximum pregnancy raté, ..
cva”

CVag

1968 abundanceRos"

1968 abundanceRie°

Catastrophic mortalityS
Annual Immigration,l
Pulse Immigration,| 449 500

U[16,000, 70,000]

U[100, 500]
U[0.3, 0.6]

U[0.1, 0.3]
U[0.05, 0.3]
U[8,000, 16,000]
U[50, 300]
U[0.5,1.0]

U[0,4]

U[10, 50]




Table 4a Estimates of absolute abundance (wittceded standard errors of the logs) for the ENP
stock of gray whales based on shore counts (soLaeéceet al. 2012).

Y ear Estimate CV Y ear Estimate CV
1967/6¢ 1342¢ 0.09¢ 1979/8( 1976: 0.08:
1968/69 14548 0.080 1984/85 23499 0.089
1969/70 14553 0.083 1985/86 22921 0.081
1970/71 12771 0.081 1987/88 26916 0.058
1971/72 11079 0.092 1992/93 15762 0.067
1972/73 17365 0.079 1993/94 20103 0.055
1973/74 17375 0.082 1995/96 20944 0.061
1974/75 15290 0.084 1997/98 21135 0.068
1975/76 17564 0.086 2000/01 16369 0.061
1976/77 18377 0.080 2001/02 16033 0.069
1977/78 19538 0.088 2006/07 19126 0.071
1978/79 15384 0.080

Table 4b Estimates of absolute abundance (withcéed CVs) for gray whales in the PCFG
area, 4%52°N (source: Laake, 2013).

Year Estimate CV Year Estimate CV

1998 101 0.062 2005 206 0.109
1999 135 0.089 2006 190 0.099
2000 141 0.093 2007 183 0.126
2001 172 0.073 2008 191 0.084
2002 189 0.048 2009 185 0.125
2003 200 0.082 2010 186 0.100

2004 206 0.072




Table 5. Specifications for the scenarios

Difference from case B

5

No Annual Immigration
Reference case (see Table 3)

MSYL;, ~U[0.4,0.8]; no annual immigratior{l = 0)

MSYLS, ~U[0.4,0.8]

MSYL;, ~U[0.5,0.85]; K ~U[100,1000; I ~U][0,6]; I146 5000~ U [0, 60]

MSYL;, ~U[0.5,0.85]; K *° ~U[100,1000; no annual immigratior; g, ,0,~ U [0, 60]

As for F except that MSYL for the two stocks coasted to be equal and ~U|[0, 6]

As for F except that MSYL for the two stocks camed to be equal

As for E, except MSYL for the two stocks constied to be equal, there are no historical bycatahds
no additional variance for PCFG abundance estimates

As for E except MSYL and MSYR for the two stocksstrained to be equal

As for J, but there are no historical bycatches

As for J, but there is no additional variance RZFG abundance estimates

As for J, but there are no historical bycatched ao annual immigration

—"I @@ M moOow>

Erxe




Table 6. Summaries of the posterior distributiomsdelected parameters from all model scenariobléTa
5). P(N>MNPL) is probability that the 1+ populatigize is above the Max Net Productivity Level and
thus the population is within OSP (for the nortbugy and the PCFG). For other parameters, the naste
median and 95% credible intervals are presente8YRIis the population growth rate at MNPL, which is
estimated in terms of a proportion of abundandddPL.

Run P(N>MNPL) P(N>MNPL) MSYR MSYR MNPL MNPL K K

North PCFG North PCFG North PCFG North PCFG

A 0.771 0.7016 5% 0.019 0.011 0.6 0.6 20895 179
50% 0.038 0.022 0.6 0.6 25384 265

95% 0.055 0.045 0.6 0.6 57578 465

B 0.753 0.6418 5% 0.019 0.011 0.6 0.6 20997 194
50% 0.037 0.022 0.6 0.6 25676 292

95% 0.056 0.043 0.6 0.6 58693 472

C 0.847 0.659 5% 0.021 0.011 0.531 0.467 19514 183

50% 0.042 0.021 0.702 0.612 22714 285
95% 0.056 0.045 0.791 0.778 54866 475

D 0.836 0.643 5% 0.02 0.011 0.53 0.458 19596 191
50% 0.042 0.02 0.701 0.612 22652 293
95% 0.056 0.042 0.792 0.775 55224 476

E 0.8184 0.3962 5% 0.021 0.011 0.545 0.515 19447 196
50% 0.041 0.017 0.704 0.651 22596 376
95% 0.056 0.039 0.809 0.795 57869 920

F 0.849 0.3546 5% 0.021 0.011 0.554 0.517 19451 188
50% 0.042 0.019 0.716 0.653 22502 439
95% 0.056 0.039 0.811 0.8 52813 940

G 0.7988 0.3474 5% 0.02 0.011 0.543 0.543 19544 195
50% 0.041 0.018 0.687 0.687 23164 398
95% 0.056 0.039 0.791 0.791 58187 923

H 0.839 0.4178 5% 0.02 0.011 0.549 0.549 19622 188
50% 0.042 0.018 0.7 0.7 22674 441
95% 0.056 0.041 0.797 0.797 54808 927

| 0.756 0.6634 5% 0.02 0.01 0.532 0.532 19732 168
50% 0.039 0.015 0.672 0.672 23466 250
95% 0.056 0.033 0.778 0.778 61570 805

J 0.3386 0.4354 5% 0.017 0.017 0.515 0.515 21315 191
50% 0.024 0.024 0.63 0.63 40607 346
95% 0.043 0.043 0.771 0.771 47154 839

K 0.3594 0.8798 5% 0.016 0.016 0.515 0.515 20912 132
50% 0.023 0.023 0.631 0.631 42624 241
95% 0.049 0.049 0.762 0.762 67563 643

L 0.399 0.5168 5% 0.017 0.017 0.517 0.517 20760 193
50% 0.025 0.025 0.647 0.647 37928 312
95% 0.046 0.046 0.787 0.787 66508 791

M 0.5958 0.8262 5% 0.017 0.017 0.519 0.519 20112 122
50% 0.03 0.03 0.651 0.651 27641 195
95% 0.051 0.051 0.771 0.771 64866 772
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Figure 1. Abundance estimates for the north grggaop) and PCFG (bottom) from the
reference model (model B). Points and error bagprasent actual estimates
(Calambokidist al, 2012). Solid line represents posterior medidimedes (dotted lines
represent 90% credible intervals). Estimates fatirmodels (A — M) are similar.
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